A microNMR probe for ex vivo applications may consist of at least one microcoil, which can be used as the oscillating magnetic field (MF) generator as well as receiver coil, and a sample holder, with a volume in the range of nanoliters to micro-liters, placed near the microcoil. The Signal-to-Noise ratio (SNR) of such a probe is, however, dependent not only on its design but also on the measurement setup, and the measured sample. This paper introduces a performance factor P independent of both the proton spin density in the sample and the external DC magnetic field, and which can thus assess the performance of the probe alone. First, two of the components of the P factor (inhomogeneity factor K and filling factor η) are defined and an approach to calculate their values for different probe variants from electromagnetic simulations is devised. A criterion based on dominant component of the magnetic field is then formulated to help designers optimize the sample volume which also affects the performance of the probe, in order to obtain the best SNR for a given planar microcoil. Finally, the P factor values are compared between different planar microcoils with different number of turns and conductor aspect ratios, and planar microcoils are also compared with conventional solenoids. These comparisons highlight which microcoil geometry-sample volume combination will ensure a high SNR under any external setup. © 2017 Author (s) 
I. INTRODUCTION
NMR analyses at micro-scale, such as NMR spectroscopy, can be a very useful tool to determine the composition of very minute volumes of samples. Micro-NMR systems reported previously have been realized with several types of coils, such as Helmholtz, [1] [2] [3] solenoidal, 4-6 planar [7] [8] [9] [10] [11] [12] or even micro-strip lines. 13 These systems operate at different Larmor frequencies with values varying in a wide range, from 63.88 MHz when the externally applied DC magnetic field (MF) has the magnetic field strength (MFS, i.e. magnetic flux density) B 0 = 1.5 T, 14 to as high as 500 MHz when B 0 = 11 T. 8 The first generic expression for the signal-to-noise ratio (SNR) for an NMR experiment was formulated almost 40 years ago by D. Hoult et al.: 15 
SNR =
Kη(
i )ω 0 M 0 V s Sample Noise + Thermal noise from coil (1) where K is the inhomogeneity factor of the MF generated by the coil, η is the filling factor which indicates the extent of coupling of the generated magnetic energy of the coil with the sample, B 1 is the time-varying MFS which lies in the plane perpendicular to the direction of B 0 , i is the current generating the RF MF of strength B 1 , ω 0 is the Larmor frequency, M 0 is the strength of the magnetization vector which depends on B 0 and the sample under investigation, and V s is the sample volume. Equation 1 indicates the parameters involved in the calculation or optimization of SNR, but it may need to be modified (or some of its components recalculated) depending on the specifics of the used system. Here we are mainly interested in estimating the SNR of miniaturized micro-scale NMR probes for which the sample noise is not significant owing to its small volume (nL -µL). This paper focuses on the theoretical study of various factors affecting SNR of such a microNMR probe that consists of a planar microcoil with conductors buried in its substrate, and an adjacent microfluidic structure with which the sample is manipulated and/or placed in the vicinity of the microcoil. Most importantly, our paper defines a microcoil performance factor P that enables one to optimize the SNR performance of the microNMR probe, independently of the external setup and the proton density of the measured sample. Additionally, the paper details the analysis and calculation of the main components of P, namely the filling factor η and the inhomogeneity factor K. The factor P can help the design of planar microcoil-based microNMR probes with optimal sample volume which will provide an optimal performance independent of the external setup used for the NMR experiment(s). We focus mainly on planar microcoils, since they offer the easiest fabrication for smart lab-on-a-chip (LOC) microsystems, and are already widely used in many RF applications. However, a comparison with a conventional solenoidal coil is also given for a better understanding of the performance of planar microcoil-based microNMR probes.
The literature review summarised in the Appendix indicates clearly that it is very difficult to compare the performance of all the various types of coils used in different NMR/MRI probes and especially to understand which are the key parameters influencing their SNR. Therefore, P could serve as a quantitative performance indicator that would aid the design and optimization of microNMR probes. This is necessary because it is very difficult to make a one-to-one comparison for different setups even when the SNR values are reported since in each case the experiments were carried out with a different set-up, different strengths of DC magnetic flux density and different bio-chemical samples having different proton densities.
Additionally, until now there has been very little, if any, discussion regarding the variation and quantification of the magnetic flux density homogeneity within the sample. Moreover, the filling factor η an essential component of Equation 1 does not appear to have been calculated explicitly in any previously published paper nor has it been shown how it depends on the sample volume or on its placement with respect to the microcoil. Previously, a simplified parameter, the product of η and coil quality factor Q, was suggested by Darrasse et al. 16 to analyze the coil performance with respect to the sample placement. However, although the Q factor indicates the magnetic performance of a coil, it is related to the total MF generated everywhere around the coil, while in the case of NMR we are interested only in the field inside the sample (whose volume is strictly determined by several factors). Hence, the η · Q product may not be a useful parameter to evaluate a microNMR probe's performance.
II. MICRONMR PROBE PERFORMANCE FACTOR P
For the case considered here, when the sample noise is quite negligible compared to the thermal noise from the microcoil, Equation 1 reduces to
where T c is the temperature of the microcoil, R the resistance of the microcoil, ∆ f the bandwidth of the pre-amplifier, k is the Boltzmann's constant, and B 1 is the average value of the magnetic flux density generated by the coil.
Equations 1 and 2 show clearly that the SNR is improved by maximizing the numerator value. Since both the magnetization vector M 0 and the Larmor frequency ω 0 are directly proportional to B 0 , they can both be enhanced by boosting B 0 and consequently improve the SNR. This explains the adoption of increasingly stronger superconducting (electro)magnets in NMR/MRI machines in the last decade.
Unfortunately, the choice of increasing B 0 is not always available to the user: once set in place, the value of B 0 is a given, dictated by the characteristics of the NMR/MRI machine available to the researcher and cannot be further increased. Therefore, another way of improving the SNR is to optimize the other remaining parameters in the numerator: the MF inhomogeneity factor K, the filling factor η, the average value of B 1 within the sample volume V s , and the sample volume itself. This paper examines all these factors and their influence on the final value of the P factor, and, hence, on SNR.
The first term (M 0 V s ω 0 ) in Equation 2 is a sample-dependent term and indicates the number of proton spins of the particular element of interest to be detected within the total sample volume at the DC MF B 0 and at the Larmor frequency ω 0 . It can be shown that this term's value depends on the number of spins present in the sample under investigation and on the gyro-magnetic ratio (γ) of the element in whose NMR spectra one is interested. The second term in the right hand side of Equation 2 represents solely the coil performance in an NMR experiment, since the numerator is proportional to the spatial homogeneity and strength of the MF generated by the coil, and to the filling factor η which represents the time-varying MF's effective coupling with the sample, while the denominator is the thermal noise due to the coil resistance. Therefore, this second term in Equation 2 is independent of both the proton spin density γ and B 0 and hence can be defined as a "performance factor," P characterizing only the micro-probe itself. Equation 2 can thus be re-written as SNR = term dependent on sample type and external sample setup · P · constants
Consequently, P can be used to calculate and compare the performance of various microNMR probes by quantitatively assessing a probe's efficacy independent of proton spin density and external DC MFS. However, although the factor P does not explicitly include the sample volume term V s , all of it's numerator parameters do depend on V s . Thus, V s indirectly influences P and hence the determination of an optimal sample volume, or at least studying how P varies with the volume of the sample, is extremely important and is to be determined foremost. This paper first discusses the mean value of the concerned MF and defines the inhomogeneity factor K inside the sample volume in section III. This is followed by a novel approach of calculating the filling factor η from the data obtained by electromagnetic simulations using the software package Computer Simulation Technology (CST) in section IV. After this, in order to compare and verify the effect of our P factor, in section V we calculate the P factor of the same planar microcoil and sample volume combination as mentioned by Armenean et al. 17 but using our approach of calculating the MFS, K & η from electromagnetic simulations as discussed in the previous two sections, followed by the calculation of SNR from these calculated P factors and comparing them with the experimental value of SNR reported by Armenean et al. 17 Next, section VI introduces the geometrical parameters of different planar microcoils and structural variants of our microNMR probes. This includes the chosen dimensions of the different microcoil variants in subsection VI A, followed by the determination of an optimal sample volume for each microcoil specific probe variant according to an angle criteria meant for determining the dominant component of the generated MF in subsection VI B. In section VII the value of each of the components of the P factor (as well as that of the P factor itself) is calculated for our probe variants with different aspect ratios, conductor cross-section, number of turns and sample volumes using the approaches given in sections III and IV. This section highlights the probe performances for both the maximum optimal sample volume (subsection VII A) and the minimum common sample volume for all the probe variants (subsection VII B). Subsection VII C then summarizes the outcome of P factor analysis and concludes which parameters should be considered for an optimal probe design. Finally, section VIII compares the performance of our microcoil with a corresponding solenoid structure.
III. MEAN MAGNETIC FLUX DENSITY (B z −mean ) AND INHOMOGENEITY FACTOR (K )
The three most important factors influencing both P and SNR are the spatial homogeneity of the MF reflected in the parameter K (which takes into account the inhomogeneity of the time-varying field within the sample volume), the MFS (which can be represented by the mean value of its dominant component within the sample volume B zmean ,), and the filling factor η. The magnitude of B z within the sample volume depends on the microcoil dimensions and number of turns, and also on the distance of the sample from the coil (but which is fixed in our case, for all microcoil variants). The inhomogeneity factor K shows how much the MF varies i.e. how inhomogeneous it is compared to (as a fraction of) the mean value of its strength. Previously, K has been discussed only qualitatively by Hoult et al. 15 We define the inhomogeneity factor K as
where σ is the standard deviation of the MFS within the sample volume. For an ideal MF that is perfectly homogeneous within the sample volume, σ = 0 and K = 1. On the other hand, the smallest possible value of K is 0. Hence, Equation 4 is valid as long as σ is smaller than the mean value of the MFS B zmean , or else K ≤ 0, resulting in impractical negative values of P. The values of the standard deviation σ and of B zmean for all probe variants presented in this work were extracted from electromagnetic simulations using CST for the useful maximum sample volumes.
IV. FILLING FACTOR (η)
The filling factor η determines the extent of coupling between B 1 and the sample volume that will induce the sample response. It is defined as 15
Thus, η is the ratio of the magnetic energy contained within the sample volume to the magnetic energy in all space: η = Magnetic energy in the sample volume Magnetic energy over the entire space (6) The denominator of Equation 6 essentially represents the inductance of the coil, which for a unit current can be expressed as
which can be rearranged as all space
If B 1 is perfectly spatially homogeneous over the sample volume, then the numerator of Equation 6 can be simplified as the product of B 2 1 and the volume of the sample V s . In reality B 1 always has a spatial variation in all three directions x, y, and z. Also since B z is the dominant MF component for a planar spiral microcoil placed in the xy plane, Equation 8 can be further written as:
Hence, the analytical expression for the filling factor η for a sample holder with the length aligned along the z axis is:
Therefore, in order to evaluate the filling factor η analytically, it is necessary to first deduce the expression of B z (x, y, z) that gives the MFS variation along the x, y & z axes. Alternatively, both the energy stored in the sample and that over the entire space can be extracted from electromagnetic simulations of each microcoil and sample placement, and then used to evaluate η according to Equation 6 . The approach described above for determining the filling factor η based on electromagnetic simulations must first be verified, especially since this method has not been reported previously in the literature. For this purpose, we use as a reference the approximate closed form expression of the filling factor η for a sample kept inside the core of a solenoid 15
where V s is the sample volume and V c is the cylindrical volume occupied by the solenoidal coil. Considering a generic solenoidal coil with the sample in its core along the z axis and the corresponding values of V s and V c of 0.021 pL and 0.15 pL, respectively, the filling factor value results as η = 0.07 using Equation 11 . Next, we also simulated in CST the 3D model of the same solenoidal coil and a value of 0.06 was obtained for the filling factor η. This result is close to the analytically calculated value of 0.07 with a variation of only 14.28%. This demonstrates the validity of our approach to calculate the filling factor η using energy extraction from simulations.
V. P FACTOR COMPARISON WITH LITERATURE
In order to verify the P factor defined by us and the approach described in the previous 2 sections to calculate each terms of the P factor we calculate the P factor for a planar coil reported by Armenean et al. 17 Armenean et al. 17 clearly mention all the parameters and the measurement setup details which can be used for theoretical calculation of SNR using Equation 1. We built a 3D model of the same planar coil immersed in 5 µL of water sample, exactly as described in Armenean et al. 17 The 3D model is shown in FIG 1. We calculated the average value of MFS within the sample volume, the K factor and η as well as the resistance R, followed by the calculation of the P factor. Next, we used this P factor to calculate the SNR according to the measurement parameters and, the volume of the sample and the resulting values are given in Table I along with the measured value reported by Armenean et al. 17 However, the SNR equation cited in Armenean et al 17 does not consider the effects of K and η which are essential in the calculation of SNR. In order to have a direct one-to-one comparison with Armenean's system, the P value thus calculated by us is also devoid of K and η values. While the two SNR values have the same order of magnitude the values differ by a factor of ≈ 3.5. This difference mostly stems from the fact that the investigated zone of sample around the microcoil mentioned by Armenean et al 17 is an approximate volume of 5 µL surrounding the microcoil immersed in a larger volume of 0.33 cm 3 water. This uncertainty in actual volume will result in change in the mean value of MFS inside the sample volume and also the number of protons present under the influence of the magnetic field. In summary, the P factor proposed here appears to predict SNR value reasonably well.
VI. MICRONMR PROBE STRUCTURE
The probe structure considered here for analysis consists of a planar spiral microcoil with a rectangular cross section conductor embedded in the substrate, with the conductor aspect ratio (CAR) defined as the (conductor thickness, or height)/(conductor width) ratio. As shown in FIG 2, the sample holder is considered to be placed right on top of the microcoil. The exact distance between the sample holder and the microcoil, ideally as small as possible, is dictated by microfabrication limitations, e.g. the minimal thickness of the material used which to realize the sample holder. In our simulations, a value of 2 µm was considered for the material thickness/distance of the sample holder from the microcoil/chip surface. The 3D CST model built and used here considers the coil to be in the xy plane.
A. Microcoil structure
Several microcoil variants, with different number of turns and conductor aspect ratios (CARs), were analyzed. The details of all the microcoil variants are given in Table II . These dimensions are dictated by the minimal photolithographic feature size and cost of fabrications. The microcoils with a conductor having a depth of 8 µm and a trace width of 25 µm will have a CAR value approximated as 1:3. In this study, the trace width is considered fixed at 25 µm and the depth (or height) is varied to achieve different CAR values.
B. Determination of maximum permitted sample volume
Since the microcoil is located in the xy plane, the dominant component of its MF is along the z axis, B z . For NMR analysis, if we consider the external DC MF B 0 to be oriented along the x axis (hence perpendicular to B z ), then in order to tip the M 0 vector within the zy plane only one of the B z or B y components must be dominant. Although for a planar microcoil B z is usually considered 
where e = N + (N−1)s, I is the current and a 0 is the internal radius of the coil. FIG 3 shows one set of such angle variation plots for a microcoil with 5.5 turns and 3 different CAR values. The extent along the x and y axes where the angle is below 75 0 was estimated from these plots, thus indicating the largest region in which the sample could be situated. The same procedure was repeated for the microcoils with 3.5 and 15.5 turns and all the different conductor CAR values to determine the maximum extent of the sample volume for which θ 75 o was determined and the resulting values are tabulated in Table III . In all cases it was considered that the height (i.e. thickness) of the sample is held constant at a value of 10 µm along z axis.
As can be seen from Table III , the sample volume extent along the x axis increases with the number of turns while the change is insignificant along the y axis, and the CAR value also has little to no effect. The maximum permitted sample volume resulting from these plots for each microcoil variant was then used to determine the average values of B z , the inhomogeneity factor K and the filling factor η, with the results shown in the next section. 
VII. PERFORMANCE FACTOR CALCULATION
Using the maximum permitted sample volume and B zmean , K and η, the P factor values have been calculated for different microcoils and these results are tabulated and discussed in the following sub-sections.
A. Performance of the microcoils with the maximum permitted sample volume
First we consider the maximum sample volume determined for each microcoil variant using the angle condition θ 75 o , as described in section VI B. The resulting values are tabulated in Table IV along with the total resistance of each microcoil.
As can be seen from Table IV for a microcoil with a given number of turns, the B zmean value increases with decreasing CAR value, with the largest variation for the smallest microcoil (3.5 turns). This happens since more of the MF is distributed within the sample placed above the coils as the CAR value decreases (or the conductor height decreases), i.e. the microcoil conductors, and, therefore, the MF-generating currents are closer to the chip surface and hence to the sample. This phenomenon also affects the filling factor η. Since the microcoil CAR value has no effect over the magnetic energy over the entire space but does influence (as mentioned above) the magnetic energy within the sample volume, the microcoils with same number of turns have lower filling factors as the CAR value increases due to lowering of B zmean values within the sample volume. However, increasing the CAR value reduces the resistance for a given number of turns and constant conductor width since it results in an increased conductor cross-sectional surface area through which the current flows.
As the number of turns increases from 3.5 to 5.5 the increase of the mean MFS within the sample volume B zmean is larger than the increase of the magnetic energy over the entire space and, consequently, the filling factor η also increases. However, for the bigger microcoils, the inhomogeneity factor K suffers due to an increased variation of the MF distribution across a larger microcoil (and hence within the sample volume as well), and so does the resistance which increases due to an increased conductor length.
Contrary to expectations, the results deteriorate when the number of turns is further increased to 15.5 turns. Although the larger number of turns allows a larger sample volume, the MFS B zmean is quite low compared to microcoils with less turns and this reduces the filling factor η while the microcoil resistance resistance. Consequently, the performance of the microcoil with 15.5 turns is quite poor in all aspects and is reflected in a small P value as shown in the last column of Table IV .
B. Performance of the coils with the minimum common volume
The previous section discussed the performance of the microcoils when the maximum permitted volume was used. Now, in order to get an idea about the effect of the sample volume on the P factor values, we selected the smallest volume for which the angle condition θ 75 o is simultaneously satisfied by all microcoil variants. This volume is the volume corresponding to the largest permitted volume for the 3.5 turn coil since this volume is lower than the largest volume allowed for the and, of course, that of the P factor, and the results are given in Table V .
In Table V the first 3 rows are the same as in Table IV since the lowest common volume is the same as the largest allowed volume for the 3.5 turn coil. However, for the rest of the coil variants the MFS, as well as the homogeneity of the MF have improved since the volume, considered now is lower than the maximum allowed volume while on the other hand filling factor η has reduced for the same reason. Another conclusion which can be drawn from Table V is that the effect of an increased microcoil CAR for a particular number of turns is still the same as before: it reduces the B zmean , which in turn affects the values of both K and η.
C. Comparison of results for P for different volumes
The values of the performance factor P, calculated using the values of its components are listed in Tables IV & V and are plotted in FIG 4 for a better comparison. Fig. 4 can thus be used to draw some useful conclusions for the design of microcoil-based NMR probes.
The sample volume reduction from the maximum allowed volume to lowest common volume has improved both B zmean and K, as reflected by the K factor values closer to 1 for the larger number of turns. However, the opposite is true for the filling factor η: its value reduced considerably since the minimal sample volume is very low, especially for the microcoil with 15.5 turns. Thus, although this latter microcoil has the strongest B zmean and better MF homogeneity within the sample, its smaller filling factor and higher resistance reduce the value of P. The microcoil's CAR has a major effect on resistance. In terms of magnetic performance, however, its increase only reduces the MFS within the sample which in turn lowers the filling   FIG. 4 . Comparison of the values of the performance factor P for all microcoil variants in two cases: for maximum allowed sample volume and for the lowest common sample volume. factor value. Additionally, conductors with high aspect ratios are more difficult to fabricate/fill in using copper electroplating.
Increasing the number of turns initially, i.e. for a relatively small number of turns of, e.g., up to 5. . . 6, enhances the MFS inside the sample and also may be necessary to accommodate a minimal sample volume. This is because a too small sample volume, although characterized both by a large B zmean and a high K value, would have a very small filling factor that would reduce drastically the value of the entire performance factor P.
However, increasing excessively the number of turns of the planar microcoil would increase the maximum permitted sample volume (i.e. for which the angle condition θ 75 o is satisfied). Although having the largest possible sample volume may seem desirable to maximize the SNR (see Equations 1 & 2) , in fact it would have only negative effects in this case. The average MFS would be reduced within the larger sample volume, hence the filling factor η decreases, and the MF homogeneity worsens too. Additionally, the microcoil resistance also rapidly increases with the number of turns and contributes considerably to the rapid reduction of the performance factor value. Consequently, an optimum compromise has to be found (also see next point), with the smallest number of turns that would accommodate the required sample volume (considering a sample holder of fixed height and as close as possible to the microcoil surface) but which would still generate the strongest MF without increasing R.
Our data obtained for planar microcoils variants with 3 different CARs (1:3, 1:1 and 3:1) and with 3 different numbers of turns (3.5, 5.5 and 15.5) indicate that the optimum performance factor value is obtained for an aspect ratio of 1:1 and 5.5 turns. 5.5 turns seem to be a compromise between low and high number of turns and so does a 1:1 CAR where the field B zmean is stronger than that of the 3:1 variant and the resistance is less than that of the 1:1 variant.
VIII. SOLENOIDAL COIL ANALYSIS
Since the solenoid is one of the most conventional structure used for MicroNMR, we simulated a set of solenoidal coils whose dimensions were chosen such that the cross sectional area of their wires are same as those of our microcoils with the different CAR values of 1:3, 1:1 and 3:1. Thus, from the Equation
where r o is the radius of the solenoid wire, h/ = CAR & = 25 µm we get 3 values of r 0 corresponding to each CAR. The inter-turn spacing is taken to be the same as for our microcoils, with a total number of turns of 5. The radius of the core of the solenoid is also taken the same as the radius of the innermost turn of the microcoils i.e. 25 µm. The sample is placed inside the core of the coil and hence its volume is that of the cylinder the solenoidal coil encompasses. This model is shown in FIG 5. their calculated P factor values. As can be seen, the P factor value falls as the cross-sectional area of the solenoidal coil increases. The reduction in mean value of B z (we considered the solenoid to be oriented along the z axis and hence the dominant field is B z ) when increasing the wire cross-section seems to be the main culprit for the reduction of the P factor despite the fact that the resistance decreases. The reduction in B z value is due to the fact that the length, and hence the volume of the cylinder encompassed by the solenoid increases with the cross-sectional area of the solenoid wire, ultimately reducing the mean value of B z and also the filling factor. The values of P for the solenoidal coil appear much larger than those for planar microcoils in Tables IV and V . But it is difficult to miniaturize solenoidal coils. For the cross-sectional area equivalent to a CAR of 3:1 the solenoidal coil's diameter is about 48 µm, which is extremely small for a 3D solenoidal coil to be. Hence, in reality, in order to be used wound around capillary tubes of practical sizes solenoidal coils must have much larger diameters which will reduce the P factors significantly. This suggests that the comparatively bigger solenoids used conventionally will have a lower P factor compared to planar microNMR coils unless other dimensional parameters are varied to nullify the effect.
IX. CONCLUSIONS
This paper has explored the effect of various design parameters on the performance of probes for microNMR analysis using spiral microcoils whose conductor is buried in the substrate and with a cylindrical sample holder of fixed height, situated just above the microcoil surface, but whose extent (radius) may be varied to accommodate various sample volumes. In order to be able to compare micro-probes that may be operated in different NMR experiments that use very different operating parameters, we defined and used a sample-and setup-independent performance factor P. Its dependence on three main parameters has been investigated: the size of the microcoil (i.e. number of turns N), the aspect ratio of the microcoil's conductor cross-section and the volume of the sample. By comparing the values of P obtained for several microcoil variants, each with different values for the above mentioned parameters, we show that the best performance can be obtained using microcoils with a small conductor aspect ratio (i.e. flatter conductors), an optimum number of turns and a restricted sample volume. A larger number of turns increases the maximum sample permitted volume but decreases both the MF homogeneity K and its mean strength B zmean , resulting in a decreased filling factor η. Higher conductor aspect ratios (i.e. increasing the conductor thickness at constant width) reduce the resistance for a given number of turns but this advantage is negated by decreased values of B zmean , K and η, ultimately resulting in a much lower value of the performance factor. Also a comparison between corresponding solenoidal coil and planar microcoil indicates that for the SNR performance of conventional solenoids is most likely to be worse due to the much larger dimensions which affect negatively their P factor values. This work provides guidelines for designing microcoil geometry -sample volume combination to achieve high SNR under any external setup.
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